Background. Despite tremendous efforts in the fight against polio, Pakistan bears the highest proportion of poliomyelitis cases among the 3 endemic countries including Afghanistan and Nigeria. Apart from insecurity and inaccessibility challenges, the substantial shift of unimmunized children from North Waziristan due to recent military operations was presumed to favor the widespread poliovirus infection in Pakistan.
The Global Poliovirus Eradication Initiative (GPEI) mainly relies on optimal immunization of children with oral or inactivated poliovirus vaccine through routine and supplementary immunization campaigns. Tremendous efforts made by GPEI led to the eradication of poliovirus across the world except for 3 endemic countries-Pakistan, Afghanistan, and Nigeria.
Remarkable progress has been made in Pakistan in terms of the significantly reduced and marginalized incidence of paralytic poliomyelitis, which has been localized to a few persistent reservoir communities since the inception of GPEI in 1988. Considered to be a single epidemiological block, Pakistan and Afghanistan pose major challenges to the GPEI program, which is in its final stages, due to confirmed, uncontrolled transmission across the borders of these 2 countries. As of 30 May 2015, there were 27 reported paralytic poliomyelitis cases across the globe (Pakistan, n = 24; Afghanistan n = 3) [1] . Multifocused approaches to control poliovirus transmission in endemic locations [2] range from the use of monovalent oral poliovirus vaccine type 1 and monovalent oral poliovirus vaccine type 3, introduction of short-interval additional dose campaigns in high-risk areas, and environmental surveillance as supplemental tools. Despite these efforts, Pakistan continues to bear the highest burden of poliomyelitis cases of the 3 endemic countries. In 2014, Pakistan reported the highest number of wild poliovirus (WPV) cases (n = 306), with 80% of cases reported from North Waziristan and the neighboring federally administered tribal areas where immunization campaigns were halted in 2012.
To better understand the current epidemiological situation of poliomyelitis in Pakistan, here, we describe a comprehensive analysis of the virological data generated during 2013-2015. This analysis determines the extent of WPV emergence and spread and its impact on the eradication efforts to date. Molecular data were generated using real-time polymerase chain reaction assay on cell culture-propagated poliovirus strains followed by genetic sequencing of the viral protein 1 (VP1) capsid gene. The dataset was collated to include contemporary WPV strains (as of 30 May 2015) detected from acute flaccid paralysis (AFP) cases as well as sewage water samples (denoted as ENV) and compared with those isolated in previous years (2013) (2014) to infer and foresee the poliovirus eradication success in Pakistan. As polio eradication efforts are focusing on key areas, phylogeographic knowledge will be important in identifying persistent sources in order to gauge the regional variation in virus transmission patterns. This will also be crucial in monitoring success at the regional level. Importantly, poliovirus transmission in Pakistan is believed to be primarily driven by unchecked mobility of infected populations from endemic areas. Recently, the internally displaced persons (IDPs) from North Waziristan were purported responsible for the 2014 epidemic and widespread carryover of WPV across the country; as a consequence of military operations, the IDPs moved to nearby areas [3] [4] [5] . While precise evidence for this hypothesis is limited, we believe our findings help elucidate poliovirus transmission patterns and assist in the identification of determinants of WPV spread and persistence.
MATERIALS AND METHODS
Stool samples from children age <5 years reported with AFP or their healthy contact cases were collected throughout Pakistan per the standard guidelines of national active laboratory-based surveillance for AFP. In the case of clinical patients, stool samples were collected within the 14 days of paralysis onset and in duplicate at 24-48 hours apart in order to maximize the chances of virus recovery. A total of 24 062 specimens from 12 096 paralytic cases were collected from 1 January 2013 to 30 May 2015 from all 5 provinces of Pakistan. During 2013-2015, the collection of ENV samples continued at 37 catchment areas in the following 13 districts: Lahore, Multan, Faisalabad, Rawalpindi (Punjab province), Karachi, Sukkur, Hyderabad and Jacobabad (Sindh province), Peshawar, Dera Ismail Khan (Khyber Pakhtunkhwa province), Quetta, Killa Abdullah (Balochistan province), and Islamabad (the federal capital).
All samples were delivered to the Regional Reference Laboratory for Polio Eradication Initiative, Department of Virology, National Institute of Health, Islamabad, Pakistan, within 24-48 hours of collection. The samples were treated for virus isolation and characterization according to the protocol recommended by the World Health Organization [6] . Briefly, stools were extracted with chloroform, and clarified supernatant was inoculated on L20B (mouse L cells genetically engineered to induce poliovirus receptors) and RD (human rhabdomyosarcoma) cells grown in tube culture containing 1 mL of minimum essential medium with 2% fetal bovine serum. The processing of ENV samples included the virus concentration procedures using 2-phase separation with polyethylene glycol-6000 and dextran as described previously [7] . Fresh monolayers of L20B and RD cells were inoculated with 0.5 mL of purified virus concentrate in a 25-cm 2 flask containing minimum essential medium with 2% fetal bovine serum per guidelines given in the poliovirus laboratory manual for environmental surveillance [8] . Inoculated tubes and flasks were observed daily for the appearance of cytopathic effect for a maximum of 10 days. Positive cultures of either L20B or RD cell lines were referred for poliovirus identification and intratypic differentiation into vaccine or wild type by reverse transcriptase real-time polymerase chain reaction according to established methods [9] . Samples positive for wild type poliovirus were further characterized by the genomic sequencing of VP1 coding region. For effective presentation of phylogenetic analysis, the dataset was collated with the inclusion of only representative ancestral strains from 2013. This was achieved by including only those 2013 WPV strains that have the closest genetic relatedness with the 2015 isolates. Nucleotide alignments and sequence comparisons were made using ClustalW [10] to infer genetic relatedness among poliovirus isolates from both AFP cases and ENV samples. Phylogenetic analysis was performed using the software Molecular Evolutionary Genetic Analysis, version 5.0 [11] .
RESULTS

Poliomyelitis Cases Investigated During 2013-2015
From 1 January 2013 to 30 May 2015, 24 062 specimens (representing 12 096 clinical AFP cases) and 877 ENV samples were tested through AFP and environmental surveillance, respectively. Of the AFP samples, 4936 cases were positive with enterovirus isolation in at least 1 of the 2 collected specimens. These consisted of 1399 (28.34%) polioviruses and 3537 (71.65%) nonpolio enteroviruses. Of 1399 polioviruses, 965 (68.97%) were confirmed as Sabin-like and 423 (30.23%) were confirmed as wild poliovirus type 1. Month-wise distribution of the total number of AFP samples with their results is shown in Table 1 . Of 877 ENV samples, Sabin-like vaccine viruses were found in 545, and 228 samples contained wild poliovirus type 1. Ten samples had vaccine-derived polioviruses, with 8 samples containing a mixture of wild poliovirus type 1 and vaccine-derived polioviruses; 86 samples were positive for nonpolio enteroviruses (see Table 2 ).
Phylogenetic Analysis and Genetic Clusters
Genetic analysis of the WPV strains recovered from both AFP and ENV surveillance systems during 2013-2015 revealed sufficient genetic diversity to group these isolates into 5 major clusters (A-E) with ≥5% nucleotide diversity in the VP1 coding region. The observed clustering pattern showed that almost all of the 2015 lineages detected to date have experienced an uninterrupted circulation that was instigated during 2013, mainly in Karachi, Peshawar, and Quetta (see Supplementary Figure 1 ). The cluster A lineage was detected in 2012 in Rawalpindi ENV samples and was found in Nangarhar province of Afghanistan (AFG13-1203 and AFG14-1368) during 2013 and 2014 and in Peshawar (PAK15-ENV033E3 and PAK15-614) during January 2015.
Genetic cluster B showed a widespread distribution across all 4 provinces of Pakistan as well as the bordering areas of Afghanistan. There were 3 distinct lineages (B1-B3) found in this cluster with persistent infection during the 3 years (2013-2015). Phylogenetic relatedness of the WPV1 strains indicated independent circulation of the 03 lineages; B1 remained confined to North Waziristan and its neighboring districts of South Waziristan (PAK15-047) and Tank (PAK14-4793). Infection with lineage B2 was extremely widespread, infecting many children in Pakistan (Quetta, Killa Abdullah, and Karachi) as well as Afghanistan (Nangarhar and Kunar). Similarly, infections with lineage B3 viruses largely represented local circulation in Khyber and neighboring Peshawar. All 3 of these lineages (B1-B3) are still active (2015), with infections mainly reported in Peshawar, Karachi, and Jacobabad.
The geographical range of the WPV1 genetic cluster C lineage was comparatively restricted to Karachi, Quetta, and Killa Abdullah where the majority of strains were detected through ENV surveillance. The 2013 Karachi lineage (PAK13-ENV274E3) remained consistently active, with detection in 2015 ENV samples collected from catchment areas of Killa Abdullah (PAK15-ENV027E5).
Most of the WPV1 strains of cluster D were detected through environmental surveillance in Peshawar (PAK13-ENV236RD), Karachi (PAK13-ENV318E3, PAK14-ENV078E3, and PAK15-ENV030E2), Hyderabad (PAK14-ENV122E5 and PAK14-ENV305E1), Quetta (PAK15-ENV026E1), and Sukkur (PAK14-ENV341E5), with no clinical cases in these regions.
Circulation of cluster E remained restricted to Sindh province, with detection in ENV samples collected from Jacobabad The number of samples positive for vaccine (Sabin-like polioviruses), wild poliovirus type 1, and nonpolio enteroviruses are shown. Healthy contact cases whose index (AFP) case is positive are excluded from the total count.
Abbreviations: AFP, acute flaccid paralysis; HC, healthy contact case; NPEV, nonpolio enterovirus; WPV1, wild poliovirus type 1. (PAK14-ENV284E1 and PAK15-ENV020E1) and Sukkur (PAK14-ENV121E2 and PAK15-ENV008E1).
Wild Poliovirus Strains Identified Through Environmental Surveillance
Remarkably, in almost all transmission pathways active in 2015, the WPV strains were first detected in ENV samples but remained untraced or undetected in the population being served by the respective catchment areas until very late (Figure 1 ). For example, the origin of the cluster E lineage was traced back to PAK13-ENV042E4-Quetta and later found in multiple environmental samples from Sukkur (PAK14-ENV121E2 and PAK14-ENV341RD) and Jacobabad (PAK14-ENV284E1 and PAK15-ENV020E1); however, not a single WPV paralytic case has been reported from this region since 2013. The cluster D lineage originated in Peshawar (PAK13-ENV236RD) and was later detected persistently in ENV samples collected from Karachi (PAK14-ENV027E2, PAK14-ENV078E3, PAK15-ENV030E2, and PAK15-ENV010E1), but no AFP cases with WPV of this lineage have been found to date. Under cluster C, the 2013 WPV1 lineage originated from the ENV isolate PAK13-ENV024E2 collected from Karachi and remained detected in sewage samples for months without any clinical cases. In addition, the same lineage was found in multiple ENV samples collected from Quetta and Killa Abdullah during 2014 and 2015. Similarly, cluster B lineages were found in sewage samples collected from multiple sites, including Rawalpindi (PAK14-ENV210E1, PAK14-ENV307E4, PAK14-ENV209RD, and PAK14-ENV209E1), Islamabad (PAK15-ENV018RD), and Jacobabad (PAK14-ENV318E2, PAK14-ENV352E3, and PAK15-ENV020RD), but no related WPV from AFP cases of these districts have been reported to date.
Prolonged Circulation of WPV Lineages
Genomic surveillance based on AFP and ENV samples collected in Pakistan suggests that the WPV lineages detected in the main reservoir areas of Karachi, Quetta, Peshawar, Sukkur, and Jacobabad had survived over a period of at least 2 years (Figure 2) . In Peshawar, WPVs of cluster B lineages were persistently detected from October 2013 (PAK13-ENV248E3) to January 2015 (PAK15-ENV033E1). Similarly, WPV strains belonging to cluster D lineages remained unceasingly active in Karachi from January 2013 (PAK13-ENV318E3 Karachi) to January 2015 (PAK15-ENV024RD and PAK15-ENV010E1). Samples collected from Quetta district also revealed an uninterrupted circulation of WPV cluster C lineage over a 2-year period (PAK13-ENV321E1and PAK14-ENV146E1).
Orphan Poliovirus Strains
From 2013 to 2015, 10 orphan viruses whose immediate source is unknown (defined by having more than 1.5% nucleotide variation to previously reported strains) were found in samples collected from diverse geographical areas across all 4 provinces. Surprisingly, all of these orphan strains were noticed in environmental samples collected from Peshawar (PAK14-ENV311E4 and PAK14-ENV172E5), Rawalpindi (PAK14-ENV350E2 and PAK14-ENV210E1), Hyderabad (PAK14-ENV122E5), Jacobabad (PAK14-ENV222E1 and PAK14-ENV352E2), Sukkur (PAK14-ENV121E2), and Quetta (PAK14-ENV139E5) in 2014 and from Lahore (PAK15-ENV022E3) in 2015. However, not a single AFP case was detected over a 2-year period from these regions.
Multiple Genetic Lineages in Localized ENV Catchment Areas
Our genetic analyses led to the recognition of genetically distinct clusters and lineages within localized regions of Jacobabad, Karachi, Sukkur, Peshawar, and Quetta ( Figure 3 ). Wild poliovirus type 1 strains found in ENV samples collected from Karachi were classified into 4 distinct clusters (A-D) with at least 3%-14% nucleotide variation in their VP1 gene. In a similar context, genetic analysis helped identify the existence of cluster A, B, and D lineages in ENV samples collected from Peshawar during 2014 and 2015.
DISCUSSION
In this study, we analyzed the genomic and epidemiological patterns of poliomyelitis infection in Pakistan during 2013-2015 using the data monitored routinely through clinical and environmental surveillance. Genetic surveillance helped us to better understand the origin, spread, and persistence of infection due to WPV strains. Our data confirmed the presence of multiple reservoir areas, namely, Karachi, Peshawar, and Quetta, where poliovirus strains with discrete genetic characteristics circulated uninterrupted for more than 2 years. Phylogenetic patterns of poliovirus isolates analyzed in this study indicate that the circulating wild-type strains do not represent a monophyletic clade within the South Asian (SOAS) genotype; however, there is still a considerable diversity of WPV strains infecting children in disparate geographical locations. Genetic clustering of the WPV strains clearly indicates that there is continued propagation of endemic lineages with little change in their geographical ranges in Karachi and Peshawar; this reflects the existence of a sizeable unimmunized population. Importantly, this also questions the quality of immunization campaigns in reducing polio burden in Pakistan and warrants seroepidemiological surveys to assess population immunity. Successful campaigns have yet to be conducted in this region. The environmental surveillance in Pakistan, which was initiated in 2009, has proven to be a very useful tool for intensifying the case-based surveillance in Pakistan and for monitoring the effectiveness of immunization activities. The majority of wild poliovirus strains discussed in here were detected in ENV samples; this is similar to epidemiological investigations in Egypt, Israel, Nigeria, India, the Netherlands, and Finland [12] . In addition, because our study outcomes emphasize the continued existence of WPV lineages over such an extended time period (2013-2015) with remarkable genetic diversity, it is unlikely that the WPV circulation in Pakistan is the result of a single-source transmission event. Notably, the dispersed origins of 2015 WPV strains rule out the possibility of clonal expansion of a particular WPV lineage. This is in contrast to the speculation that IDPs of North Waziristan are the source of WPV that has spread across the country [3] . Consequently, there is no indication of the exportation of WPV from the 2014 North Waziristan outbreak into the endemic areas since the North Waziristan transmission chain remained very marginalized and confined within North Waziristan and its adjacent districts such as Tank and Bannu where 80% of the 900 000 IDPs were settled into government-led temporary camps. These findings highlight the fact that the 2014 WPV outbreak in North Waziristan did not contribute to the poliovirus infection during 2015 in the key reservoir areas of Karachi, Quetta, and Peshawar. In contrast, our data show that persistent virus circulation in these regions is being fed by continued WPV maintenance among the unimmunized or poorly immunized indigenous populations. In addition, the limited change in the geographical range of 5 major SOAS type 1 genetic clusters during 2013-2015 is a testament to the endemic intensification of indigenous WPV strains. It is an indication that these reservoir areas are characterized by a sufficiently high density of susceptible hosts, such that the virus does not have to move very far to infect new hosts. Thus, the notion that the people fleeing North Waziristan were responsible for the poliovirus spread into new areas seems unjustified. 
CONCLUSION
The current scenario signifies that the key WPV reservoir areas in Pakistan are Peshawar, Karachi, and Quetta, where the polio endemicity has been centered for many years. In addition, the risk of polio cases and outbreaks outside of these reservoir areas, especially in the central Punjab and Northern Sindh areas, is high due to high population mobility, low coverage of routine immunization, poor sanitation, and insecurity in some of the areas. This is also evident through isolation of WPV in environmental samples collected from Sukkur and Jacobabad during 2014 and 2015. The majority of WPV strains detected from the central Punjab and Northern Sindh areas have genetic relatedness to the WPV strains endemic in Karachi and Peshawar, supporting existence of a substantial unimmunized cohort of children there. In fact, the multiple viral lineages found in Northern Sindh and Central Punjab show several introductions at different time periods, as reported previously [12] . Notably, the strong molecular evidence presented here advocates that dissemination of WPV by IDPs from North Waziristan appears not to be a major contributor of existing poliomyelitis endemicity in Pakistan.
Until polio is globally eradicated, the remaining endemic countries pose a direct threat for widespread WPV infection. The recent exportations of PAK-SOAS poliovirus genotype from Pakistan (Sukkur, Sindh province) to China and Egypt [13, 14] are proof of this problem. Although AFP surveillance in Pakistan generally meets the World Health Organization standard targets and successfully guided the GPEI operations, our analysis calls for enhanced surveillance capacity and an improvement in vaccination coverage among underserved populations mainly settled in Karachi, Quetta, and Peshawar.
In conclusion, without rapid progress, unchecked transmission of WPV in Pakistan will delay the goal of polio eradication and, importantly, will jeopardize the global achievement and investments made to date. Marginalized communities with inadequate healthcare that serve as polio reservoirs should be the priority. Further, established scientific interventions such as population immunity serosurveys and introduction of inactivated polio vaccine will essentially help to achieve the eradication goals in Pakistan and Afghanistan.
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